Abstract We perform dynamic simulations of thrust and normal faults over multiple earthquake cycles. Our goal is to explore effects of asymmetric fault geometry on the long-term seismicity and dynamics of dipping faults. A dynamic finite-element method is used to model the interseismic and coseismic processes, with a dynamic relaxation technique for the former. The faults are loaded by stable sliding along the downward continuation of the faults. The asymmetric fault geometry of dipping faults with respect to the free surface cause changes in normal stress during the interseismic and coseismic periods. These changes are of opposite sign in the two periods, resulting in a stabilization of the normal and shear stresses over many earthquake cycles. Both faults develop relatively stable event patterns, in which a large event that ruptures the entire fault is preceded by a number of small events with various rupture lengths. A strong asymmetry in fault and ground motion exists between thrust and normal faults, and between the hanging wall and the footwall of both faults on faults dipping less than 70Њ. In both normal and thrust faults, the horizontal component of ground motion dominates on the footwall, while the vertical component dominates on the hanging wall. The above results may have implications in seismic hazard analysis and building design in regions where dip-slip faults predominate.
Introduction
There is observational evidence that thrust faults produce higher ground motion than normal faults for comparable hypocentral depths and equivalent magnitudes (McGarr, 1984; Cocco and Rovelli, 1989; Margaris and Hatzidimitriou, 2002) . McGarr (1984) has ascribed this difference to the state of stress (the compressional stress state for thrust faults and the extensional stress state for normal faults), showing a factor of 4 contrast in crustal strength between the compressional and extensional tectonic regimes. Cocco and Rovelli (1989) and Margaris and Hatzidimitriou (2002) have shown evidence for the variation of stress drop between thrust and normal faulting earthquakes in Italy and in Greece, respectively. Also, a strong asymmetry of ground motion has been observed between the hanging wall and the footwall for dip-slip earthquakes. The 1971 San Fernando (Nason, 1973; Steinbrugge et al., 1975; Allen et al., 1998) , the 1994 Northridge (Abrahamson and Someville, 1996) , and the 1999 Chi-Chi (Taiwan) (Shin et al., 2000) earthquakes produced systematically higher ground motion on the hanging wall than on the footwall. This phenomenon has also been seen in the foam rubber models of Brune (1996) .
Recent dynamic models of thrust faulting and normal faulting have reproduced the above asymmetric strong ground motion between thrust and normal faulting earthquakes and between the hanging wall and the footwall. Using numerical models, Nielsen (1998) , Oglesby et al. (1998 Oglesby et al. ( , 2000a , and Shi et al. (1998 Shi et al. ( , 2003 have shown that the asymmetric geometry of surface-rupturing dip-slip faults with respect to the free surface causes an interaction between the rupture process on the fault and the radiated stress field, caused by the traction-free boundary condition of the free surface. The effect of this interaction is to cause changes in normal stress on the fault, which would be absent in the absence of the free surface. These variations in normal stress are opposite for thrust and normal faults, which results in higher peak slip rate and higher ground motion for thrust faults than for equivalent normal faults. The asymmetric geometry also directly leads to higher ground motion on the hanging walls of such faults than on the footwalls. In the presence of lithostatic normal stress and depth-dependent initial stresses, Aagaard et al. (2001) also observed higher ground motion on the hanging wall of a low-angle thrust fault.
The above dynamic models of thrust faulting and normal faulting provide us with insight into the physics of dipslip faulting. Although Shi et al. (1998 Shi et al. ( , 2003 reported the accumulated slip on dipping faults over periodic large events in their lattice models, these dynamic models mainly focus on dynamic features of single earthquakes, with a simple set of assumed initial stresses on the fault. Some important Figure 1 . A dip-slip fault model with fixed velocity loading at the base. The direction of loading velocity shown is for the thrust fault; it is opposite in direction to that of the normal fault.
questions remain to be answered. These questions include whether dip-slip faulting effects such as amplified thrust motion near the free surface will have cumulative effects over multiple earthquakes, and whether the variations in normal stress on the fault will accumulate or stabilize over multiple earthquake cycles.
The current study explores the long-term effects of asymmetric fault geometry on the dynamics of dip-slip faults. Also, the difference in seismicity, due to different faulting mechanisms between thrust and normal faults and asymmetric fault geometry, is examined. As a first step toward understanding the long-term behavior of geometrically complex fault systems with the dynamic rupture process included, we restrict this study to a single pre-existing fault. In this way, the effects of the dipping fault geometry are isolated from other effects, for example, fault interactions within a complex fault system, and may be added into a more complete model in the future. One distinguishing feature of this study, compared with previous dynamic studies of dipslip faults in which an ad hoc assumed initial stress has usually been used, is that the initial stress for dynamic events is a result of both the tectonic loading stress and the residual stress from the previous events.
Model and Method
For simplicity, we model 2D dip-slip faults in a halfspace. Figure 1 shows the fault geometry and the loading mechanism. A pre-existing dip-slip fault intersects the free surface and extends 20 km in the down-dip direction. Along the downward continuation (30 km long) of the above stickslip main fault, an imposed velocity between the two walls of the fault loads the system. The loading velocity direction in Figure 1 is for a thrust fault. For a normal fault, the direction of loading velocity is opposite. This loading mechanism has been widely used in geodetic studies of interseismic deformation (e.g., Scholz, 1990) as well as nucleation studies (Zhang et al., 2004) . This model for loading has also been used in earthquake cycle simulations on strike-slip faults (e.g., Tse and Rice, 1986; Lapusta et al., 2000) . In this model, the upper part of a fault is locked and undergoes stick-slip, whereas the lower part of the fault undergoes stable sliding at the tectonic loading rate. We remark that this loading mechanism has been mainly used to study interplate earthquakes, and we focus on this type of earthquake in this study. We use the same lengths of the main stick-slip fault and the velocity loading part for different dip angles to investigate the effects of dip angle on fault evolution and rupture dynamics.
In Figure 1 , the fault is assumed to be infinitely long along the strike (z direction), with no variations in properties or deformation in this direction. Thus, the problem is reduced to two dimensions. This model region is surrounded by a large buffer region in our numerical models. This buffer region extends from the model region in both the negative and positive x directions and in the negative y direction ( Fig. 1) The outside boundary of this buffer region is treated as a free surface in our model, but this buffer region is large enough to prevent artificial reflections at the boundary from traveling back to the model region within the dynamic simulation time. Although stable sliding on the 30-km-long loading segment causes stress concentration at both its ends, the stress concentration at the lower end has no obvious effect on dynamic rupture of the stick-slip fault segment or ground motion. This claim is verified by simulations with the models in which the stable sliding segment continually extends downward to the bottom of the buffer region. The stress concentration at the upper end is an important feature of the current model.
For the stick-slip main fault, we use a linear slipweakening friction law (Ida, 1972; Andrews, 1976) . This friction law can be expressed as
where s is the frictional shear stress, r N is the normal stress across the fault, s is slip on the fault, l S and l d are the static and sliding frictional coefficients, and d 0 is the critical distance in the linear slip-weakening friction law. The frictional properties (static and sliding frictional coefficients) are assumed to be uniform on the fault. The material on the two sides of the fault is elastic, and the material properties are homogenous. In this manner, we can isolate geometrical effects from the effects of material heterogeneity. The material and computational parameters are listed in Table 1 . A 2D version of DYNA3D (Whirley and Engelman, 1993; Oglesby, 1999 ) is used to model multicycle dynamics of dip-slip faulting. An explicit finite element code, DYNA3D, has been used to model fault dynamics and wave propagation (e.g., Oglesby et al., 2000a,b; Oglesby and Day, 2001) . DYNA3D can capture fully the dynamic effects of the earthquake rupture process. It also provides a means to achieve a quasistatic solution for the interseismic loading process. By using a dynamic relaxation algorithm that damps particle velocity, DYNA3D can perform quasistatic analysis (Whirley and Engelman, 1993) . The dynamic relaxation method is based on the observation that the long-term limit of a damped dynamic solution is the quasistatic solution. Thus, we perform multicycle simulation within one code framework. We remark that the dynamic relaxation here is merely a numerical technique to achieve the quasistatic solution from a dynamic analysis. The material in the model is still elastic, and there is no viscoelastic stress relaxation in the model. The multicycle simulation starts from an assumed initial shear stress and normal stress on a fault. We then impose the interseismic loading using the dynamic relaxation algorithm and a specified slip rate at the base of the fault. After shear stress on the fault exceeds the failure level, we then model coseismic rupture with the slip-weakening friction law using the undamped dynamic method. After the seismic waves propagate away from the model region, this cycle ends. Before the next cycle, we reset the frictional coefficient to the static level on the stick-slip fault. This action can be considered a proxy for a healing mechanism in the current multicycle models. Also, the numerical mesh is reset to the original mesh. This implies that there is no evolution of the fault geometry, and we do not allow creation of new faults in our models (i.e., we assume that rock strength is infinite off the fault). This assumption is consistent with our current objective, which is to investigate long-term effects of asymmetric fault geometry on dynamics of a single dip-slip fault. After this process, the interseismic loading process is started for the next cycle, with the stress output of the previous cycle on the fault used as the initial condition. The above process repeats to perform multicycle simulations. The key point in this procedure is that the output stresses on the fault from an event are used as initial stresses for the next earthquake cycle. Thus, except for the first event, the initial stresses on the fault for an earthquake are the result of both the tectonic loading stress field and the residual stress from previous earthquakes. The omission of additional faulting and stress relaxation in the interseismic period may be a significant approximation and will be addressed later in this work.
In the above procedure for multicycle simulations, the transition from the interseismic quasistatic simulation (using the dynamic relaxation algorithm in DYNA3D) to the coseismic dynamic simulation requires further discussion. There have been several previous studies to explore this transition. Lapusta et al. (2000) used a variable time-step scheme with a rate-and state-dependent friction law to treat this transition smoothly. Fukuyama et al. (2002) dealt with this transition in a more approximate way by using the stress output from a quasistatic simulation as the initial stress and imposing an amount of initial triggering slip within the region of rupture initiation for dynamic simulations. In the current study, we continuously run simulations for both the interseismic and coseismic processes of the earthquake cycle and allow the nucleation location and timing to be the calculated results of the models. In addition, we adopt a twod 0 scheme to deal with the initiation and propagation of rupture within the framework of the slip-weakening law. In this scheme, a small value of d 0 is used in the nucleation zone and a larger value of d 0 is used for propagation of rupture. To a first-order approximation, this two-d 0 scheme is consistent with the argument that d 0 increases with the rupture length (Andrews, 2004) . Experiments with using one d 0 value for both the initiation and propagation of rupture show that a large d 0 makes it difficult for rupture to initiate, while a small d 0 can easily lead to extreme rupture speed. Additionally, we find that large events easily develop and small events are suppressed if we use a time-weakening friction law (Andrews, 2004) , in which the stress drops over a time interval T rather than d 0 . These experiments on initiation of rupture using the slip-weakening and time-weakening friction laws demonstrate that a more complete friction law such as a rate-and state-dependent friction law (Dieterich, 1979 (Dieterich, , 1981 Ruina, 1983) may be required to capture the nucleation phase of an earthquake. We will progress in this direction in our future work.
By using the above two-d 0 scheme, the nucleation phase of an earthquake is not simulated accurately in this study, and our multicycle models are approximate. The transition from the small d 0 to the large d 0 may pose an artificial barrier for rupture. To minimize this effect on the results, the size of the nucleation zone should be as small as possible. In the current study, we define our nucleation region to be 1 km wide, but as mentioned previously, the location and timing of the nucleation are not prescribed; rather, they are determined by stress evolution on faults spontaneously.
Another approximation in our multicycle models is that a high loading rate relative to the tectonic loading rate is used during the interseismic process for computational efficiency. This high loading rate is still very small compared to the coseismic velocities. To avoid the possible effect of this high loading rate on rupture dynamics, we reduce the loading rate to the tectonic rate level when any node on a fault fails. Simultaneously, we turn off the dynamic relaxation in DYNA3D to perform a fully dynamic analysis. Thus, the tectonic loading rate, rather than the higher loading rate for the interseismic process, is used during the dynamic rupture process.
To examine the effects of the residual stress from the previous earthquake cycles on the dynamics of dip-slip faults, we start from relatively homogeneous initial fault stresses, as shown in Figure 2 , which are consistent with the observation that the stress drop in earthquakes does not vary systematically with depth. The relatively constant normal stress at depth can be considered as the effective normal stress, which is a result of the lithostatic load and the pore pressure. However, we do not model pore pressure variations in this study. The linear decrease to the free surface in initial stresses at shallow depth allows our models to be consistent with a low stress level near the free surface. Note that Figure 2 gives the amplitude of the initial normal and shear stresses only for the initial earthquake cycle. The normal stress for both thrust and normal faults is in compression. The sign of the shear stress is opposite for a thrust fault and a normal fault. Together with the frictional coefficients given in Table 1 , the initial stresses given in Figure 2 will produce a value of 10 MPa for the strength excess (the difference between the initial yield stress and the initial shear stress) and a value of 5 MPa for the stress drop (the difference between the initial shear stress and the final shear stress in an event) on most of the fault if the entire fault fails from the initial stresses. These values are within reasonable ranges for typical crustal earthquakes. As will be seen later, stress heterogeneity develops on the fault through small events, which results in nonuniform strength excess and stress drop on the fault over multiple earthquake cycles.
Results
We simulate multicycle dynamics of thrust and normal faults with dips of 20Њ, 45Њ, and 70Њ. We give particular focus on the 45Њ dip case, as the 20Њ normal fault and the 70Њ thrust fault are not common in nature. Having the same dip angle facilitates comparisons between thrust and normal faults.
Multicycle Dynamics of 45Њ-Dipping Thrust and Normal Faults
We first explore the evolution of 45Њ-dipping thrust and normal faults over multiple earthquake cycles, including event patterns and stress variations. Then we examine dynamic behavior of the two faults in typical small and large events, including fault slip and near-source ground motion.
Figures 3 and 4 show the stress evolution of the 45Њ thrust and normal faults over 30 earthquake cycles, respectively. The black curves denote stress on the faults, and the red curves represent slip and displacement (amplitude) on the fault in 30 sequential events. In the slip-weakening law used in this study, the yield stress is a proxy for the normal stress. In these figures, except for the first event, the stresses before an event are the result of all previous earthquake cycles and the interseismic loading. The difference in shear stress before and after an event is the static stress drop in the event. The location at which the shear stress is at the yield stress level before an event is the initiation (nucleation) position of the event, which is typically near the down-dip edge of the fault.
We observe that a relatively stable event pattern develops on both faults over multiple earthquake cycles. For simplicity, we differentiate large events from small events by defining events rupturing the entire fault up to the free surface as large events and all others as small events. A general feature on both faults is that a large event is preceded by a number of small events. The small events vary in rupture length, with a greater number of events having short rupture lengths. Note that the number of small events preceding the large ones on the thrust and normal faults is different. The normal fault has a relatively simple event pattern in which a large event is preceded by three small events. Among the three small events, a relatively longer rupture event separates two shorter ruptures. A large event is preceded on the thrust fault by more small events, with more variable rupture lengths.
The event pattern in which a large event is preceded by a number of small ones can be understood by examining the fault stress evolution over multiple earthquake cycles. The steady applied slip on the downward continuation of a stickslip fault during the interseismic process builds up shear stress on the fault, concentrating on the lower end of the fault. Thus, earthquakes tend to initiate at the lower end of the fault. After a large event, the shear stress is relatively low over the entire fault. At this stage, earthquakes tend to Figure 3 . Shear stress (dashed black) and yield stress (dot-dash black) before each event, shear stress (solid black) after each event, slip (solid red), amplitude of displacement of hanging wall (dashed red) and footwall (dot-dash red) for events 1-30 on a 45Њ-dipping thrust fault. Zero on the horizontal axis corresponds to the free surface, and 20 km on the horizontal axis corresponds to the down-dip edge of the stick-slip fault.
be small deep events, because the shear stress over most of the fault is not high enough to support self-sustaining rupture. A small event results in a shear stress peak at the termination of rupture on the fault along the up-dip direction. A relatively longer rupture leads to a shear stress peak closer to the free surface (e.g., events 5, 15, and 24 in Figure 3) . A number of small events with various rupture lengths results in a highly heterogeneous shear stress with a relatively high average stress level over the fault. This high stress level facilitates a large event that ruptures the entire fault. After this large event, the shear stress on the fault is again relatively low and homogenous on most of the fault. Then the fault roughly repeats the above event pattern.
In this discussion on fault stress evolution, we mainly focus on the shear stress, as the yield stress (a proxy for the normal stress) does not appear to change significantly over multiple cycles (see Figs. 3 and 4) . However, as emphasized by Oglesby et al. (1998 Oglesby et al. ( , 2000a , the normal stress can Figure 4 . Shear stress (dashed black) and yield stress (dot-dash black) before each event, shear stress (solid black) after each event, slip (solid red), amplitude of displacement of hanging wall (dashed red) and footwall (dot-dash red) for events 1-30 on a 45Њ-dipping normal fault. Zero on the horizontal axis corresponds to the free surface, and 20 km on the horizontal axis corresponds to the down-dip edge of the stick-slip fault.
change significantly during dynamic rupture on dipping faults, owing to the asymmetric fault geometry with respect to the free surface. An immediate result of the present work is that the variations in normal stress in a single dynamic event do not appear to accumulate over multiple earthquake cycles. Figure 5 illustrates why this is the case. It displays normal stress variations on the thrust and normal faults in the first earthquake cycle and after 30 cycles, starting from an almost homogenous initial stress level. Figure 5a demonstrates that the normal stress increases on the lower part and decreases on the upper part of the normal fault during the interseismic process, while the normal stress varies in the opposite manner on the thrust fault. Figure 5b shows that the normal stress decreases on the lower part and increases on the upper part of the normal fault after a large event, while the normal stress varies in the opposite manner on the thrust fault. The comparison between Figures 5a and 5b illustrates that the normal stress changes in opposite directions in the Figure 5 . Normal stress variation on 45Њ-dipping thrust and normal faults (a) after the first interseismic loading, (b) after the first coseismic rupture, and (c) after 30 cycles. For both the interseismic and coseismic processes, the normal stress increment is in the opposite direction on the thrust and normal faults. For both the thrust and normal faults, the normal stress increment is in the opposite direction after the interseismic and coseismic processes for large events. Note finer scale for stress in (a).
interseismic process and the coseismic process of a large event on both the normal and thrust faults. The amplitude of change in normal stress after an interseismic process is much smaller than that after a coseismic process of a large event. Further, we find that the change in normal stress after a small event (not shown) is similar in magnitude and sign to that during the interseismic process for the same fault. As shown above, there are more small events than large ones on both the thrust and normal faults. Thus, the relatively large variations in normal stress that take place in the few large events are counteracted by the small variations in this stress due to the interseismic process and the large number of small events. The consequence is that the normal stress on both normal and thrust faults is relatively stable on average over multiple earthquake cycles, as shown in Figure 5c .
Although the variations in normal stress during the interseismic process on both normal and thrust faults are small in amplitude, they appear to play a critical role in stabilizing the normal stress on the faults in the long term. Furthermore, the difference in these variations between the normal and thrust faults results in the difference in event patterns between the two faults. On the normal fault, an increase in the normal stress on the lower edge of the fault during the interseismic process leads to a longer interseismic loading period, and thus a higher initial shear stress on the fault at nucleation. A decrease in the normal stress on the shallow part of the normal fault facilitates rupture propagation. As a result, it is easier to develop large events on the normal fault. On the thrust fault, a decrease in the normal stress on the lower edge of the fault during the interseismic process leads to a shorter loading period, and thus a lower initial shear stress on the fault at nucleation. An increase in the normal stress on the shallow part of the thrust fault inhibits rupture propagation. The above two factors result in more small events on the thrust fault, compared with the normal fault.
Another observation in Figures 3 and 4 is that asymmetry in displacement between two walls on a dipping fault (larger displacement on the hanging wall) is obvious for large surface-rupturing events, while not obvious for smaller buried events. This is consistent with the previous studies on a single event (Oglesby et al., 2000a; Aagaard et al., 2001) . As shown in these studies, the free-surface effect decreases rapidly with burial depth of ruptured faults.
In the interest of ground-motion prediction and seismic hazard analysis, we examine dynamic behavior of the two faults in typical large and small events. Although these topics have been the focus of previous studies (Oglesby et al., 1998 (Oglesby et al., , 2000a Shi et al., 1998 Shi et al., , 2003 Aagaard et al., 2001) , the current study is unique in the sense that the initial stresses for events are the result of both the long-term interseismic loading process and residual stress from previous earthquakes, rather than ad hoc assumptions. We choose the twenty-fourth event on the thrust fault and the twentyseventh event on the normal fault as typical small events, and the twenty-ninth event on both faults as typical large events. Figure 6 shows the peak slip velocity on the two faults and the peak particle velocity on each of the two walls of each fault in typical small events and large events. The velocity peaks at depth in these curves appear to correlate with the peaks in the initial shear stress before these events in Figure 3 and 4. Higher peak slip rate on the thrust fault, as well as higher motion of the hanging wall of both faults, is observed in the large events. Very large peak slip velocity and very large hanging wall peak particle velocity at the free surface on the thrust fault are observed in the large event (the bottom left panel), even with a very low stress level near the free surface, indicating that the amplification effect Figure 6 . Peak slip velocity (solid curves) and peak particle velocity (amplitude) on hanging wall (dashed curve) and footwall (dot-dash curve) in typical large events and small events on 45Њ-dipping thrust and normal faults.
of the free surface on the thrust fault during dynamic rupture observed in the homogeneous prestress studies (Oglesby et al., 1998 (Oglesby et al., , 2000a is present even with depth-dependent fault stress. In the large event on the normal fault (the bottom right panel), the maximum peak slip velocity (and also peak particle velocity) occurs at a down-dip distance of about 2.5 km. The presence of this peak slightly below the free surface may result from the combined effects of the deamplification effect of the free surface on the normal fault (Oglesby et al., 1998 (Oglesby et al., , 2000a , the reduced shear stress near the surface, and the rupture directivity as rupture propagates upward from depth. The above difference in peak velocity at the surface between the thrust and normal faults is consistent with the observation that a greater peak ground motion is usually reported on thrust faults (e.g., Nason, 1973; Steinbrugge et al., 1975; Abrahamson and Somerville, 1996; Allen et al., 1998; Shin et al., 2000) . In large events, the slip is also larger on the thrust fault than on the normal fault, and the displacement is larger on the hanging wall than on the footwall for both faults, as shown in Figures 3 and 4 .
Asymmetry between the thrust and normal faults, and between the hanging wall and footwall, in large events is also seen in the peak particle displacements (Fig. 7) and the peak particle velocities (Fig. 8) on the free surface near the faults. This observation is consistent with the previous studies on a single event (Oglesby et al., 1998 (Oglesby et al., , 2000a Shi et al., 1998 Shi et al., , 2003 Aagaard et al., 2001) .
In addition to the overall asymmetry of the amplitude of near-source ground motion, we also observe that the partition of ground motion between horizontal and vertical components is different for the hanging wall and footwall of both faults. In Figures 7 and 8 , the dashed curves denote the horizontal components and the dot-dash curves represent the vertical components. In the vicinity of both thrust and normal faults, the vertical component dominates on the hanging wall, while the horizontal component dominates on the footwall. Also note that the total peak ground motion at a certain point often occurs at a different time than the peak horizontal or peak vertical components, so the total peak ground motion is typically not equal to the vector combination of the peak horizontal and peak vertical components in these figures. All these asymmetries in ground motion near the faults can also be clearly seen from synthetic seismograms at two symmetric locations relative to the fault trace, as shown in Figure 9 . The asymmetry in magnitude of ground motion between the hanging wall and the footwall is almost entirely due to the amplified vertical motion on the hanging wall.
Effects of the Dip Angle
Previous studies on single earthquake events (Oglesby et al., 1998 (Oglesby et al., , 2000a have shown that the dip angle has an important effect on the dynamics of dipping faults. We performed multicycle dynamic simulations on faults with a shallow dip angle (20Њ) and a steep dip angle (70Њ), in addition to the above 45Њ dip angle. Except for the dip angles Figure 7 . Peak particle displacement along the free surface above 45Њ-dipping thrust and normal faults in typical large events and small events. Solid curves denote amplitude of the total displacement; dashed curves denote the horizontal (x) component and dot-dash curves denote the vertical (y) component. Footwall is on left with negative coordinate; hanging wall is on right with positive coordinate. Note finer scale for displacement in the small events. and the different loading directions between thrust and normal faults, all parameters were the same for all faults. In this manner, we could isolate the effect of dip angle on our fault systems. We acknowledge that the 20Њ normal fault and the 70Њ thrust fault are somewhat artificial. We include them for completeness and to help illustrate the dependence of the results on fault geometry. Figure 10 shows maximum final slip and maximum peak slip velocity on all simulated faults for the 30 sequential events. We observe that a relatively stable event pattern tends to develop on all faults. A general feature of all dipping faults is that a large event, which is usually characterized by a large maximum slip or a large maximum peak slip velocity, or both, is preceded by a number of small events. For a shallow dip angle (20Њ), peak slip velocity is slightly higher on the thrust fault than on the normal fault in large events over multiple cycles, even though maximum slip may be less on the thrust fault. This suggests that at the shallower dip angles, the asymmetric fault geometry tends to have larger effects on fault dynamics. We remark that the slip on the 20Њ normal fault in large events becomes stable after the fault develops the stable event pattern (a large event is preceded by three small events as shown by events 24-27), although this slip appears to decrease at the early stage of the sequence of events. This is confirmed by continuing the simulation to fiftieth event (not shown). For a moderate dip angle (45Њ), peak slip velocity is higher on the thrust fault than on the normal fault in large events, and maximum slip is also larger on the thrust fault. For a high dip angle (70Њ), the thrust and normal faults have similar peak slip velocity and maximum slip in large events over multiple earthquake cycles, even though the thrust fault has significantly higher peak slip velocity and greater maximum slip in the first event in which the two faults have similar initial stress. The observation of asymmetry in the first event here is consistent with the results of previous studies (Oglesby et al., 1998 (Oglesby et al., , 2000a . The current multicycle results for the 70Њ case suggest that two faults of this dip tend to organize themselves to behave similarly in the long term. In this way, we see that in the long term, the effect of asymmetric fault geometry tends to be small for faults that are close to vertical, and large for more shallow-dipping faults. Of course, a real-world comparison between normal and thrust faults would most closely correspond to a comparison between the 20Њ-dipping thrust fault and the 70Њ-dipping normal fault. This comparison in Figure  10 indicates a much larger peak slip and slip rate in large events on the thrust fault, even with all other aspects of the faults equal. 
Discussion
Differences in strong ground motion between thrust faulting and normal faulting have been studied by a number of researchers. Campbell (1984) found that accelerations from thrust faults are approximately 30%-40% higher than those from other faulting mechanisms. McGarr (1984) noticed a strange inverse correlation of earthquake size to damage for the Idaho (October 1983, M S 7.3, normal faulting) and Coalinga (May 1983, M S 6.5, thrust faulting), California, earthquakes with a similar hypocenter depth of 10 km. He argued that the inverse correlation was due to substantially higher near-source peak ground motion from the Coalinga shock. He attributed higher ground motion from thrust faulting to the larger crustal strength in the compressional regime than the extensional regime. Cocco and Rovelli (1989) reported higher peak ground motions from thrust earthquakes than from normal earthquakes with similar moment magnitudes in Italy. They found that the thrust earthquakes exhibit higher stress drop than the normal earthquakes. Margaris and Hatzidimitriou (2002) also reported higher stress drop on thrust earthquakes than on normal and strike-slip earthquakes in Greece. The current study and previous studies (Oglesby et al., 1998 (Oglesby et al., , 2000a show that even with similar strength and stress drop, thrust faults with shallow to moderate dip angles produce significantly higher peak ground motion than normal faults with similar dip angles, especially in large events. Thus, the dipping fault geometry appears to play an important role in the contrast of strong ground motion between thrust and normal faulting earthquakes. This effect may add to the effects of the state of stress and the stress drop in different seismotectonic regimes.
Higher strong ground motion from thrust faults than normal faults deserves particular attention in seismic hazard analysis. Another important issue in seismic hazard analysis is how often the large earthquakes occur. Cocco and Rovelli (1989) used the historical catalog of Italian earthquakes to argue that the higher stress drop on thrust faults correlates with a longer repeat time, compared with normal faults. They cautioned that this correlation in Italian earthquakes cannot be generalized simply and noted that some normal faults have long repeat times (e.g., basin and range earthquakes). Although comparison between the 45Њ thrust and normal faults (Figs. 3, 4 , and 10) in this study shows that within 30 sequential events, the normal fault has more large events than the thrust fault, the number of large events within a certain time period is similar between these two faults. Figure 11 shows the distribution of 30 simulated sequential Figure 9 . Ground velocity time history in typical large events on 45Њ-dipping thrust and normal faults. Two points on the surface are symmetric relative to the fault trace, x ‫ס‬ ‫2מ‬ km on the footwall and x ‫ס‬ 2 km on the hanging wall (see Fig. 1 ). Note all vertical axes have same length. Differences between thrust and normal faults, between hanging wall and footwall, and between horizontal and vertical components are observed.
events on all faults in this study over equivalent time periods. To produce this plot, we assumed a slip rate of 35 mm/yr for all faults. The difference in this plot between thrust and normal faults with the same dip angle is exclusively due to the effect of dipping fault geometry on the two different faulting mechanisms. The normal faults take more time to have 30 events than the thrust faults for all dipping angle cases, owing to the differences in normal stress change during the interseismic loading phase between the two types of faults (Fig. 5) . Within a certain time period, the number of large events is similar between the thrust and normal faults, although there are more small events on the thrust faults. The differences among different dipping angles can also be attributed to the effect of dipping fault geometry. Detailed examination of stress evolution during the interseismic loading phase shows that the amplitudes of normal stress change and shear stress buildup on the 45Њ-dipping faults are much larger than those on either the 20Њ-or 70Њ-dipping faults, given the same time period with the same slip rate. Also, the buildup of shear stress is much larger in magnitude than the normal stress change at the lower end of the 45Њ-dipping fault. Thus, the 45Њ-dipping faults have a shorter repeat time for large events than the faults with the other two dip angles. This result suggests that the details of fault geometry (e.g., the dip), whenever available, may need to be taken into account in seismic hazard analysis.
As shown above, the normal stress change due to dipping fault geometry plays an important role in fault behavior. The importance of the time-dependent normal stress on dipping faults during the earthquake rupture process has been emphasized in previous studies (Brune, 1996; Oglesby et al., 1998; Shi et al., 1998; Oglesby et al., 2000a,b) . The current study further reveals that the normal stress change on dipping faults during the interseismic loading phase can also have a significant effect on long-term behavior of dipping faults, including the event pattern and the repeat time of large events, although these changes are small over one single interseismic process. An analysis of typical events within multiple earthquake cycles in this study confirms the findings in the previous studies, including higher ground motion on thrust faults than on normal faults, and higher motion on the hanging wall than on the footwall. A new finding in Figure 10 . Maximum final slip and maximum peak slip velocity on thrust and normal faults with dips of 20Њ, 45Њ, and 70Њ in 30 sequential events.
terms of asymmetric ground motion between thrust and normal faulting is that at high dip angles, the thrust and normal faults organize themselves over multiple earthquake cycles to behave similarly, even though they produce significantly different ground motion given the same initial stresses at the beginning.
Differences between the horizontal and vertical components of near-source ground motion over the dipping faults in this study may have implications in earthquake engineering. To our knowledge, there have not been reports on this asymmetry in the literature. On the hanging wall near the fault trace, the total ground motion is larger, and is dominated by the vertical component. Conversely, the total ground motion is smaller on the footwall, and is dominated by the horizontal component. Typical buildings are designed to withstand horizontal forces. However, our models show that very large vertical peak ground motion, as shown in Figure 8 (the lower left panel), can occur near the fault trace on the hanging wall of thrust faults. Large vertical ground motion on the hanging wall near the fault trace has been inferred from the 1971 San Fernando earthquake (Allen et al., 1998) . This very large peak vertical particle velocity could cause localized high damage owing to buildings not being designed to withstand strong vertical motion.
A more theoretical issue for earthquake physics is the question of how a complex range of earthquake size arises on a fault. Our models in this study are quite simple, and do not include any heterogeneity in fault properties and material properties. However, we still find that the faults in the long term produce both small events and large events. These small events appear to play an important role in evolution of the fault by adjusting the fault stresses. Small events raise shear stress level around their termini, and generate shear stress heterogeneity on the fault. In this manner, small events raise the overall stress level to a critical yet heterogeneous state. This critical state facilitates a subsequent large, surface-rupturing event. Multicycle numerical models may be a way to monitor the approach to a critical state by incorporating observations of deformation and seismicity into models for a system of faults. Other factors not included in the present models, such as heterogeneities in fault properties and material properties and interactions between different faults or fault segments, may contribute to the critical status. For example, Lapusta et al. (2000) observed a repeated pair of larger and smaller events on a vertical strikeslip fault for a certain set of parameters with depth-variable friction parameters using a rate-and state-dependent friction law.
In this study, we do not take into account the viscoelastic stress relaxation in the medium; the material in our Figure 11 . Distribution of simulated 30 events over time given a slip rate of 35 mm/yr. Normal faults take more time for these 30 events than their thrust counterparts. However, the number of large events over a certain time is comparable between 45Њ-thrust and normal faults. models is totally elastic, except on the single pre-existing fault. Viscoelastic models have been shown to be important in studying broad deformation in the upper crust at strikeslip boundaries (Roy and Royden, 2000a,b) and the longterm evolution of nonplanar faults (Duan and Oglesby, 2005) . However, the faults in this study are planar, and no stress buildup over multiple earthquake cycle occurs on the faults. Nevertheless, it will be desirable in the future to integrate more realistic material models, for example, viscoelastic and plastic models, into our current earthquake cycle model to fully capture the complex behavior of fault systems. Another issue is that our models are two dimensional in this study for computational simplicity. We expect that the main findings in this study will be valid qualitatively in three dimensions, at least near the centers of relatively wide faults. The large values of the maximum slip and maximum peak slip velocity on 20Њ-and 70Њ-dipping faults in Figures  10 and 11 are expected to be smaller in three dimensions, where energy concentration at the crack tip is expected to be less.
Conclusions
We performed multicycle dynamic simulations of thrust faults and normal faults within one algorithm framework (a finite-element code for dynamic simulations). We find that both thrust and normal faults tend to develop a relatively stable pattern in the long term, in which a large event rupturing the entire fault is preceded by a number of small events. The normal stress change on a dipping fault in a single large event does not accumulate over multiple earthquakes because of the opposite change in this stress during the interseismic process and during small events on the fault. Higher peak ground motion is observed near the source of large thrust earthquakes in the long term for shallow to moderate fault dip angles, compared with their normal counterparts. This asymmetry in ground motion become small in the long term for faults that are close to vertical.
The multicycle models in the current study are approximate in the sense that only the interseismic loading process and the coseismic rupture process are modeled. It is desirable to incorporate other processes into the multicycle models, such as the nucleation process and the postseismic deformation process. These processes may have large effects on long-term behavior of dipping faults. As discussed in the Methods section of this article, the rate-and state-dependent friction law may be required to simulate the nucleation phase. We will continue to work on these issues to more accurately capture the long-term behavior of dipping faults.
